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tions between DOPA and surfaces
with different functional groups: a chemical force
microscopy study†

Wei Zhang,ab Hui Yang,*a Fanghui Liu,a Ting Chen,a Guangxin Hu,ab Donghong Guo,c

Qingfeng Hou,c Xu Wu,d Yu Su*b and Jinben Wang *a

The adhesion of mussel foot proteins (Mfps) to a variety of surfaces has been widely investigated, but the

mechanisms behind the mussel adhesion to surfaces with different properties are far from being

understood. Most of Mfps contain a significant amount of 3,4-dihydroxyphenylalanine (DOPA) which is

considered to be responsible for the strong wet adhesion. In the present work, self-assembled monolayers

(SAMs) were prepared as a series of model surfaces with variable functional groups. DOPA-surface

interactions were investigated using chemical force microscopy (CFM) for the first time, in which an atomic

force microscope (AFM) tip was chemically modified with DOPA terminated groups. The ability of DOPA to

adhere to different surfaces with variable wettability was compared, showing that DOPA behaves with the

strongest and weakest adhesion to C6H5- and OH-terminated surfaces, respectively. The interaction

strength of DOPA at different surfaces does not always increase with the increase of surface wettability,

because the hydrophobic interaction does not play a decisive role in DOPA adhering to surfaces. By the

use of classical and extended Derjaguin–Landau–Verwey–Overbeek (DLVO) theories, the contribution of

non-DLVO forces was isolated. We found out DOPA can adhere to each surface functional group, since

DOPA residues containing o-hydroxy or aromatic rings alone can control the adhesion process, and the

aromatic ring is oriented perpendicularly or parallel to the surface. This study served as a basis for

understanding the relationship between DOPA adhesion mechanisms and different wet surfaces,

representing important concepts for the design of bioadhesive materials and anti-adhesion surfaces.
Introduction

Marine mussels are a well-known biological family due to their
remarkable ability to stick to wet surfaces and achieve long-
lasting adhesion.1–7 On the one hand, the undesired coloniza-
tion has serious impacts, in particular in promoting ship
surface corrosion, increasing fuel consumption, and hampering
the accuracy and reliability of underwater sensors.8,9 On the
other hand, the desired adhesion can be developed as excellent
biomimetic adhesives of so tissue, which promotes tissue
regeneration and minimizes surgery time by replacing common
surgical procedures.10,11 The reason why mussels are good at
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attaching to virtually any material underwater, whether natural
or synthetic, is that mussels produce a bundle of threads tipped
with adhesive pads, known collectively as byssus, composing of
different types of mussel foot proteins (Mfps).12,13 3,4-Dihy-
droxyphenylalanine (DOPA) is a unique amino acid widely
found in Mfps: mfp-3 andmfp-5 have been found to have a high
content, 20–30 mol%, of DOPA that plays a key role in mussel
adhesion.6,14–16 However, the contribution of DOPA in the
adhesion process of mussels at surfaces has still been a chal-
lenging problem.17–21 Till now, there has been only a little
knowledge about the interactions between DOPA and inorganic
surfaces or organic surfaces (including polytetrauoroethylene,
polystyrene, and high-density polyethylene) underwater.14,22

While in the natural world, pristine surfaces are always covered
by various organic lms in a dynamic and patchy process,23,24

and therefore, it is necessary to understand DOPA binding
mechanisms to such fouled lms due to the great importance in
marine biofouling and the biocompatibility of biomaterials.
Besides, there is currently a lack of knowledge about how
material factors, such as surface chemistry and wettability, can
control protein adhesion/morphology.25

With this in mind, we focused on how changing intricate
surface chemistry can inuence DOPA adhesion, and fabricated
This journal is © The Royal Society of Chemistry 2017
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a series of model surfaces (self-assembled monolayers (SAMs)
which provide an easy and controlled way to create surfaces
with different functional groups), and investigated the interac-
tions of DOPA-surface as a function of surface chemistry.
Although surface force apparatus (SFA) has been used to
measure the macroscopic dissociation of two surfaces adhered
by mussel proteins, yet the method did not reveal the adhesive
interaction of DOPA–SAMs surface.19,26–32 In order to gain
further insight into the molecular interactions between DOPA
molecules and the series of SAM surfaces, chemical force
microscopy (CFM) was introduced to the present study, in
which the contribution of DOPA in mussel adhesion was
successfully isolated. With this approach, we were able to
quantitatively measure the interactions between DOPA and
seven different wettability surfaces systematically, and nd the
relationship between DOPA adhesion and surface wettability, as
well as reveal which surfaces have the potential to be applied to
the anti-adherent material and which have the potential to be
used in making adhesive materials. By the use of classical and
extended Derjaguin–Landau–Verwey–Overbeek (DLVO) theo-
ries, the contribution of non-DLVO forces was evaluated. DOPA
adhered to various functional groups through different inter-
actions, from which the most important binding types were
concluded. This study provides novel strategies for the design of
antifouling and adhesive surfaces underwater.
Experimental section
Preparation of self-assembled monolayers (SAMs)

Silicon wafers were cut into square strips and soaked in piranha
solution (H2SO4/H2O2 ¼ 3 : 1 v : v) for 30 min at 85 �C, and then
thoroughly rinsed with Millipore Milli-Q grade water (18.2 MU

cm). Gold substrates were prepared by rst evaporating 5 nm of
Cr adhesion layer on cleaned silicon wafers, and then 50 nm of
Au under a high vacuum through an electron beam evaporator
(Peva-600E, Campro, Taiwan). Prior to SAM formation on these
substrates, they were cleaned by dipping them for 1 min in
piranha solution, and then rinsed copiously with Millipore
Milli-Q grade water. SAMs-functionalized surfaces were
prepared as per the established protocols described previ-
ously.33–35 The freshly clean substrates were immersed in etha-
nolic solutions of 11-mercapto-1-undecanol (SH–(CH2)11OH,
Aldrich), 11-mercaptoundecanoic acid (SH–(CH2)10COOH, J&K
Scientic Ltd), 11-amino-1-undecanethiol, hydrochloride (SH–

(CH2)11NH2 HCl, Aldrich), 1H,1H,2H,2H-peruorodecanethiol
(SH–(CH2)2(CF2)7CF3, J&K Scientic Ltd), octadecanethiol (SH–

(CH2)17CH3, Alfa Aesar), and 10-phenyldecylmercaptan (SH–

(CH2)10C6H5, Aldrich) at the concentration of 1 mM for 24 h,
respectively. The substrates were thoroughly rinsed by ethanol
to remove physisorbed thiol from them and dried with pure
nitrogen stream.
Surface characterization of SAMs

X-ray photoelectron spectroscopy (XPS) was performed on
Thermo Scientic ESCALab 250Xi using 200Wmonochromated
Al Ka radiation. The 500 mm X-ray spot was used for XPS
This journal is © The Royal Society of Chemistry 2017
analysis. The base pressure in the analysis chamber was about 3
� 10�10 mbar. Typically the hydrocarbon C 1s line at 284.8 eV
from adventitious carbon is used for energy referencing.

The contact angle (CA) was measured through a Kruss DSA
CA goniometer (Germany) equipped with a dispensing needle.
The sessile droplet with a volume of 5 mL was formed by xing
the needle and approaching the substrate in parallel with the
needle direction at a slow feed rate. All the measurements were
performed in air at ambient temperature.

Surface potentials of the series of surfaces (size in 20 mm
long, 10 mmwide, and 1mm thick) were measured on a surpass
electrokinetic analyzer (Anton Parr, Austria). Determination of
the potentials was based on the measurement of streaming
potential and current. In the streaming potential measure-
ments, a water buffered with 25 mM Tris HCl solution at pH 5.5
was pumped to ow along the surface of the sample and the
potential was measured based on the following relationship:36

z ¼ dU

dP
� h

3� 30
� K (1)

where z is zeta potential; dU/dP denotes the slope of streaming
potential versus pressure; h, 30, 3, and K represent electrolyte
viscosity, vacuum permittivity, dielectric constant of the buffer,
and its conductivity, respectively. The streaming potential or
alternatively the streaming current was detected by the electrodes
placed at both sides of the sample, as shown in Table S1.†

Surface topography of SAM-functionalized surfaces was
measured via AFM in a peakforce tapping mode (Dimension
Fast scan, Bruker Corp.). AFM measurements were conducted
using a probe made of silicon nitride (Fast Scan-B, Bruker
Corp.). The topography images were performed on a scan area
of 1 mm � 1 mm at a speed of 3.91 Hz.
AFM tip modication and characterization

AFM silicon nitride tips (HLCT, Bruker Corp.) were cleaned in
an O2 plasma (Evactron 25, XEI Scientic, Inc, USA) for 15 min
and then subsequently transferred to a piranha solution for
30 min (reaction I in Fig. 1), in order to remove impurities and
generate a hydroxyl layer on the tip surface. Aer gently rinsing
with Mili-Q water, the tip was transferred into 0.5 mM silane-
PEG-NH2 (MW 3400, Nanocs) in toluene solution for 6 h,
resulting in an aminosilane-functionalized tip (reaction II). The
tip was thoroughly rinsed with large amounts of toluene solu-
tion to remove unreacted molecules. Then the cantilever was
stored in an oven at 110 �C for 10 min to stabilize the silane
conjugation. Next, the tip was immersed in a N,N-dime-
thylformamide (DMF) solution containing N-methylmorpho-
line, 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexauorophosphate (HATU) andN-Boc–DOPA for 3 h, followed
by coupling of N-Boc–DOPA to the liberated amine in solution,
as shown in reaction III. Aer the modication, N-Boc–DOPA
was end-tethered to PEG, and Boc protected amine groups
remaining in place to avoid electrostatic interactions.14

In order to conrm that the chemical modication of the
AFM tip was successful, we functionalized a silicon substrate
with Boc–DOPA using exactly the same procedure that we used
RSC Adv., 2017, 7, 32518–32527 | 32519
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Fig. 1 Schematic of AFM tip preparation.
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for the tip. We characterized the resulting surface at each step of
the procedure through XPS and CA methods (Fig. S1†). C 1s
peaks at around 284.8 eV and 286.5 eV were observed, which
were assigned to C–C and C–O, respectively. The peak of N 1s at
�400 eV was observed. The change of the test element (C and N)
content was consistent with the change of the surface chemical
composition along with the modication process. The contact
angle also increased with the modication from 17� to 28�,
further illustrating the success of the modication process. In
the absence of DOPA, the PEG itself interacted weakly with
surfaces as compared with the DOPA-functionalized AFM tips,
as shown in Fig. S2.† In the test of adhesion interactions
between DOPA and each substrate, a small amount of free
amino groups had little effect on the interaction results, which
can be neglected even if there were some unsuccessful graing
of DOPA.

Force-measuring technique

The uid chamber was lled in with 1.5 mL of buffer containing
25 mM Tris HCl at pH 5.5. Atomic force microscopic (AFM,
HLCT, Bruker Corp.) experiments were conducted aer allow-
ing the system to equilibrate for 30 min. AFM silicon nitride
cantilevers with silicon nitride tips (MLCT, Bruker Corp.) were
used in all experiments. The spring constants of the tips were in
the range of 0.05–0.07 N m�1 calibrated by thermal uctuation
method. In order to ensure that the DOPA used for testing was
not oxidized, the DOPA functionalized AFM tip was immersed
in 1 mM of ascorbic acid solution for 30 min before each AFM
experiment.22,37 In a typical experiment, a cantilever was
brought to the surface at a constant speed of 1000 nm s�1 and
held on the surface at constant forces of 1–2 nN to allow
a sufficient contact of DOPA-modied tip and functional
surface. Then the cantilever was moved back at the same speed
to break DOPA-surface interactions. We used the same DOPA-
terminated tip and made all the AFM measurements in the
same conditions (such as spring constant, constant speed,
et al.) to minimize the inuence of DOPA modication density
on DOPA binding strength. All AFM force measurements were
carried out at room temperature.

Theory and calculation
DLVO model

Total DLVO interaction force (Ftotal) between two interacting
surfaces was calculated as the sum of Lifshitz–van der Waals
32520 | RSC Adv., 2017, 7, 32518–32527
(Fvan der Waals) and electrostatic interactions (Felectrostatic), as
shown in eqn (2):38

Ftotal ¼ Fvan der Waals + Felectrostatic (2)

The expression for the van der Waals force between AFM tip
and substrate, based on Hamaker's approach and Derjaguin's
approximation used in this study, is given by eqn (3):39

Fvan der WaalsðhÞ ¼ A

6

"
� a

h2
� a

ðhþ 2aÞ2 þ
2a

hðhþ 2aÞ

#
(3)

where a is the radius of AFM tip (�20 nm); h is the surface-to-
surface distance between substrate and AFM tip; A is the
effective Hamaker constant, which is the key point in calcu-
lating van der Waals forces, as expressed by eqn (4):40,41

A ¼ 3

4
kT

�
31 � 33

31 þ 33

��
32 � 33

32 þ 33

�
þ 3h

4p

ðN
v1

�
31ðivÞ � 33ðivÞ
31ðivÞ þ 33ðivÞ

�

�
�
32ðivÞ � 33ðivÞ
32ðivÞ þ 33ðivÞ

�
dv (4)

where 31, 32, and 33 are the static dielectric constants; media 1
and 2 represent AFM tip and substrate, respectively; media 3
stands for water buffered with 25 mM Tris HCl (pH 5.5); 31(iv),
32(iv), and 33(iv) are the electronic absorption terms; k is the
Boltzmann constant, 1.381 � 10�23 J K�1; T is the Kelvin
temperature, 298.15 K; h is the plank constant, 6.626 � 10�34

J s.
Assuming constant surface potential on the substrates, the

well-known Hogg, Healy, and Fuerstenau (HHF) expression for
the electrostatic force is used in tting the data, as shown in eqn
(5):42,43

F ¼ 4pR330
lD

�
j1j2ðekh þ e�khÞ � �

j1
2 þ j2

2
��

ðekh � e�khÞ2 (5)

where 30 (8.854 � 10�12 C2 J�1 m�1) is the permittivity of
vacuum, and 3 (80) denotes the relative permittivity of the
solution; j1 and j2 correspond to the surface potentials of
substrate and probe surface, respectively; h is the surface-to-
surface distance between substrate and AFM tip; surface
potentials are approximated by z potentials (mV) of function-
alized surfaces (Table S1†); lD denotes the Debye length as
described by eqn (6):44,45

lD ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
330kT

2ce2

r
(6)
This journal is © The Royal Society of Chemistry 2017
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where e is the electron charge (1.602 � 10�19 C) and c corre-
sponds to the concentration.
Extended DLVO model

In the present paper, DLVO theory was extended to provide
a more complete interpretation of force-distance experimental
data, as expressed in eqn (7):38,46,47

Ftotal ¼ Fvan der Waals + Felectrostatic + Fstructrual (7)

where Fstructrual represents non-DLVO forces, including
hydrogen bonding, metal coordination, p–cation interaction,
et al.

Fs ¼ C1e
�ðh�b1Þ2=l12 þ C2e

�ðh�b2Þ2=l12 þ/ (8)

where C and l describe coefficient and decay length, respec-
tively; b is a real constant; h denotes separation of tip-substrate.
When the tting proles were consistent with the experimental
proles, the tting parameters of EDLVO model were obtained
as shown in Table S2.†
Results and discussion
Surface characterization

On the series of SAM-terminated surfaces, contact angle of
water droplet on such surfaces increases from�25� to�109�, as
shown in Fig. 2a–g, implying that the model surfaces vary
gradually in water wettability. From Fig. 2h–n (except bare gold
surface in Fig. 2k), the high-resolution XPS 2p spectrum of
SAMs exhibits a characteristic doublet with red curves peaks at
around 162.1 eV (2p3/2) and 163.3 eV (2p1/2) corresponding to
thiolates (RS-) bound to gold. Additionally, a minor doublet
component with blue curves peaks at around 163.8 eV and
164.4 eV appears, corresponding to unbound thiol residues but
in a relatively low content.48,49 A peak at around 286.7 eV,
289.1 eV, 286.4 eV is observed and attributed to C–O, COOH,
C–N groups, respectively (Fig. 2h0–j0); the peak at �284.8 eV is
assigned to C–C group in all the cases. For an aromatic SAM
(Fig. 2l0), a broad peak at 291.5 eV is observed, locating at ca.
7 eV higher than the C–C peak at �284.8 eV, which can be
assigned to shakeup satellite. Similar satellite peaks in C 1s XPS
were observed in aromatic monolayers on metallic substrates
previously.50,51 Fig. 2m0 shows C 1s XPS spectra, mainly
composed of –CH2– binding of SAM–CH3. Among the C 1s peaks
for the SAM–CF3, the peaks at around 290.9 eV and 293.3 eV are
observed as shown in Fig. 2n0, which are assigned to –CF2– and
–CF3 peaks, respectively. These results demonstrate the
successful lm growth of SAM–OH, SAM–COOH, SAM–NH2,
SAM–C6H5, SAM–CH3, and SAM–CF3 from gold substrates.

From AFM topographies (Fig. 2o–u), almost all these surfaces
exhibit a at and homogenous conformation with a small RMS
value of�1 nm. The monolayer thickness of each surface was in
the range of 1.0–1.3 nm using ellipsometry (Table S3†). And the
ratio of peak intensities of S 2p3/2 and Au on each surface is in
the range of 0.048–0.055 (Table S3†), indicating that the average
density of the functional groups modied on each surface is
This journal is © The Royal Society of Chemistry 2017
almost the same.52 From all the parameters above, uniform and
smooth monomolecular layers are obtained, in which surface
roughness and defects probably have little effect on the Dopa
binding strength.

Interpretation of direct force measurements

Fig. 3 shows typical force–distance curves for approach and
retraction of a DOPA-modied cantilever from different
surfaces, where positive force denotes repulsive interaction and
negative force represents attractive interaction, respectively. In
the case of hydrophilic surfaces (Fig. 3a), a weak attraction of
DOPA-surface occurs at short range; at hydrophobic surfaces
(Fig. 3b), the force becomes stronger, especially in the presence
of C6H5-terminated surface occurring at long range. Fig. 3c
shows the tip retracting from hydrophilic surfaces, exhibiting
an increase of adhesive force with the enhancement of surface
hydrophobicity from SAM–OH to bare gold. When the hydro-
phobicity continues to increase from SAM–C6H5 to SAM–CF3,
the adhesive force decreases from amaximum attractive force at
C6H5-terminated surface (Fig. 3d).

Further investigation on the surface forces are shown as
histograms of adhesive forces in the presence of different
surfaces (Fig. 4). When the DOPA-modied AFM tip separates
from OH-, COOH-, and NH2-terminated surfaces, the distribu-
tion of adhesive force is narrow and the peak value is around 1
nN. With the increase of surface hydrophobicity, adhesive force
reaches the maximum numerical range of 2.2–6.2 nN in the
presence of C6H5-terminated surface. The adhesive force of
DOPA-surface becomes weaker when the hydrophobicity
continues to increase, such as CH3- and CF3-terminated
surfaces. Previous studies showed that hydrophobic forces
dominate the adhesion between hydrophobic phenylalanine
residue and inorganic substrate,53 while herein we found that
the interaction strength of DOPA does not always increase with
the increase of contact angle (Fig. 4h). It indicates that the
hydrophobic interaction does not play a decisive role in the
DOPA adhering to different wet surfaces, instead, other forms of
binding are proposed to do.

DLVO and EDLVO theories in modeling the approach force
proles

In order to illustrate the contribution of DLVO interactions, the
resultant forces (including van der Waals and electrostatic
forces) are calculated through eqn (2)–(6) (see green lines in
Fig. 5). The calculated proles are not tted with the experi-
mental data, primarily attributed to the fact that the continuum
theory of attractive van der Waals force and repulsive double-
layer force fails to describe the interactions between DOPA-
modied AFM tips and functional surfaces as a function of
separation from each other. So, an additional force, denoted as
structural force, should be taken into account, which plays an
important role in such cases. Via the EDLVOmodel (eqn (7) and
(8)), the peak size of the approach curve agrees with the struc-
tural force, indicating that other kinds of interactions come into
play. On the OH-, COOH-, and NH2-terminated surfaces
(Fig. 5a–c), in addition to DLVO forces, a weak attractive force
RSC Adv., 2017, 7, 32518–32527 | 32521
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Fig. 2 CA (a–g), XPS spectra (h–n and h0–n0), and AFM topography (o–u) of bare gold surface and different substrates modified by SAM–OH,
SAM–COOH, SAM–NH2, SAM–C6H5, SAM–CF3, and SAM–CH3, respectively.
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appears at short-range, attributed to hydrogen bond interaction
between hydroxyl groups of DOPA (hydrogen donors) and
oxygen or nitrogen atoms (hydrogen acceptors) of the surface
32522 | RSC Adv., 2017, 7, 32518–32527
(Fig. 6a). The electronegativity of nitrogen is weaker than
oxygen, so it is considered that the binding strength of N/H–O
hydrogen bonds (in the case of NH2-terminated surface) is also
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Approach (a and b) and retraction (c and d) force curves as a function of separation between DOPA-modified AFM tip and functional
surfaces in buffer solution.

Fig. 4 Histograms of adhesion forces in the presence of (a) SAM–OH, (b) SAM–COOH, (c) SAM–NH2, (d) bare gold, (e) SAM–C6H5, (f) SAM–CF3,
(g) SAM–CH3 surfaces, and (h) comparison of all the average adhesive forces. Blue lines correspond to a Gaussian fit.
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weaker than that of O/H–O hydrogen bonds (in the case of OH-
and COOH-terminated surfaces). But, it is noticed that the
attractive force reaches the strongest one in the presence of
NH2-terminated surface among the hydrophilic surfaces,
because cation–p interaction may also be present between the
charged amine groups of surface and the catechol groups of
DOPA in addition to hydrogen bonds, which is considered to
make a strong contribution to the attractive force. The aromatic
ring and o-hydroxy groups in the residues of DOPA can form
hydrophobic and coordination interaction with the gold surface
(Fig. 5d), respectively. Compared with hydrophobic interaction,
coordination plays a decisive role in the adhesion of DOPA to
gold surface.54
This journal is © The Royal Society of Chemistry 2017
When the surface wettability tends to be more hydrophobic,
such as C6H5-terminated surface, the attractive force reaches
a maximum value, probably due to quadrupole–quadrupole
interaction between aromatic groups of DOPA and the func-
tional surface,55–57 or both quadrupole–quadrupole and hydro-
phobic interactions (Fig. 6b). When the surface contact angle
continues to increase, the attractive force in the case of CH3-
terminated surface is dominated by the hydrophobic interac-
tion between the aromatic ring of DOPA and the alkyl surface.
By contrast, the attractive force continues to decrease on the
CF3-terminated surface, because part of the DOPA molecules of
the probe participate into hydrophobic interactions and part of
them participate into hydrogen bonds,58 in which case
RSC Adv., 2017, 7, 32518–32527 | 32523
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Fig. 5 Force profiles and their predictions through DLVO and EDLVO models between DOPA-modified AFM tips and functional surfaces in
buffer solution.

Fig. 6 Schematic representation of interactions of DOPA-surface.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
10

:0
9:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hydrogen bond interaction is considered to make a weak
contribution to the attractive force.

Via the extended DLVO (EDLVO) model, the tting proles
are obtained (see pink lines in Fig. 5), with all the tting
parameters listed in the above Table S2.† It can be concluded
that the new model successfully predicts the relationship
between force and distance observed in the experimental
proles, indicating that other kinds of interactions (such as
hydrophobic interaction et al.) come into play. On the OH-,
COOH-, and NH2-terminated surface (Fig. 5a–c), in addition to
electrostatic and van der Waals forces, a weak attractive force
appears at short-range, attributed to H-bond interaction
between hydroxyl groups of DOPA (hydrogen donors) and
oxygen or nitrogen atoms (hydrogen acceptors) on the surface.
For gold surface, the attraction is stronger, because of the
hydrophobic interaction of DOPA–gold, which is similar to
DOPA–hydrophobic surface interaction. When the surface
wettability tends to be more hydrophobic, such as C6H5-termi-
nated surface, the attractive force reaches a maximum value,
due to quadrupole–quadrupole interaction between aromatic
groups of DOPA and the functional surface, as well as
32524 | RSC Adv., 2017, 7, 32518–32527
hydrophobic interaction between aromatic group of DOPA and
hydrophobic chain of the surface. It indicates that two surfaces
of DOPA-modied AFM tip and functional surface contact with
each other closely, which is the main reason why they tend to
adhere each other during separation. When the surface contact
angle continues to increase, a likely reason for the decrease of
attractive force in the case of CH3-terminated surface is the
single hydrophobic interaction between the aromatic ring of
DOPA and the alkyl surface. By contrast, the attractive force
reduces further as shown in Fig. 5g, because of both contribu-
tions of H-bond and hydrophobic interactions, in which H–

bond interaction originates from hydroxyl groups of DOPA
bound to uorine (highly electronegative atoms) of per-
uorinated surface.

Herein, we prepared a series of SAM-modied gold surfaces
with a variation in water wettability and surface chemistry, and
investigated the interactions of DOPA with model surfaces
through chemical force microscopy. It was found that surface
wettability is not the single key parameter to prevent or enhance
DOPA-surface adhesion, but the surface chemistry plays an
important role in it. Moreover, it was found out DOPA has
This journal is © The Royal Society of Chemistry 2017
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a strong ability to adhere to various surfaces, because DOPA
contains catechol groups owning both of aromatic ring and o-
hydroxy structure which can determine the adhesion behavior
between DOPA and surface. For o-hydroxy controlled adhesion
surfaces, such as OH- and COOH-terminated surfaces, the
aromatic ring of DOPA is proposed to have a perpendicular
orientation with the surface as shown in Fig. 6a; for aromatic
ring controlled adhesion surfaces, such as CH3- and C6H5-
terminated surfaces, the aromatic ring is suggested to have
a parallel orientation with the surface as shown in Fig. 6b. For
the SAM–C6H5 surface, it does not exhibit the strongest hydro-
phobic property while exhibits the strongest adhesion of DOPA-
surface among all the modied surfaces, because there may be
a superposition resulting from two kinds of binding forces of
quadrupole–quadrupole and hydrophobic interactions. While
in the case of SAM–NH2 or SAM–CF3 surfaces, it is proposed to
be amixed superposition conguration, because DOPA residues
can interact with surface in perpendicular or parallel, respec-
tively, as shown in Fig. 6c. Among the hydrophilic surfaces, the
attractive force reaches the strongest one in the case of NH2-
terminated surface, probably because catechol groups can form
hydrogen bonding or cation–p interaction with the surface.
Among the hydrophopbic surfaces, the attractive force reaches
the weakest one in the case of CF3-terminated surface, because
catechol groups can form hydrophobic interaction or hydrogen
bonding with the surface, and each of the catechol groups
cannot take part in the two interactions at the same time.

Conclusions

We developed a novel approach to investigate the interactions
between DOPA and specic functional group surfaces with
variable wettability. When the DOPA-terminated tip retracted
from each surface, the adhesion increases with the enhance-
ment of surface hydrophobicity from SAM–OH to SAM–C6H5;
when the surface hydrophobicity continues to increase, the
adhesion gradually decreases, indicating that the hydrophobic
interaction does not play a decisive role, instead, other forms of
binding play a key role. We found that DOPA can adhere to
different functional surfaces, because aromatic ring or o-
hydroxy structure of catechol group can separately dominate the
adhesion of DOPA-surface. It was proposed two kinds of
congurations of the DOPA residue on the surface: one is the
plane of the aromatic ring being perpendicular on the surface
and binding to it via o-hydroxy of catechol, such as OH- and
COOH-terminated surfaces, and the other is the plane of the
aromatic ring being parallel to the surface and binding to it via
aromatic ring of catechol, such as C6H5- and CH3-terminated
surfaces. Furthermore, there may be two forms of binding in
a single conguration, such as SAM–C6H5 surface, due to
a superposition of two kinds of binding forces (quadrupole–
quadrupole and hydrophobic interactions). For NH2- and CF3-
terminated surfaces, two kinds of congurations of the DOPA
residue were proposed on the surface, separately. DOPA exhibits
a stronger adhesion to the NH2-terminated surface than that to
other hydrophilic surfaces, due to cation–p interaction which is
considered to make a strong contribution to the attractive force.
This journal is © The Royal Society of Chemistry 2017
While, DOPA exhibits a weakest adhesion to the CF3-terminated
surface than that to other hydrophobic surfaces, due to
hydrogen bond interaction which is considered to make a weak
contribution to the attractive force. Compared with surface
wettability, surface chemical composition determines different
types of DOPA-surface interactions, being a key factor in DOPA
adhesion process. This research can be applied to the design
and fabrication of adhesion or anti-adhesion materials.
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